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Interferometers Around The World
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Inspiralling Compact Binaries - The Workhorse Source

"Fate of the binary pulsar

in 100 MY Ringdown
"GW energy loss drives pair Merger waveform _."‘,_
toward merger o
LIGO-VIRGO A chirp waveform [
Last 4 orbits n "

"Last few minutes (10K
cycles) for NS-NS

“40 - 700 per year by 2014

“BH inspirals could be more
numerous

LISA

®“MBH pairs(10° - 107 M) in
galaxies to large Z

"EMRTIs

Extremely accurate theoretical templates needed to

maximize detection and parameter estimation




On the unreasonable effectiveness
of post-Newtonian theory
in gravitational-wave physics

The unreasonable effectiveness of mathematics in the
natural sciences
By Eugene Wigner

Communications in Pure and Applied Mathematics
Vol. 13, No. | (February 1960).

“....the enormous usefulness of mathematics in the natural sciences
IS something bordering on the mysterious and ... there is no rational
explanation for it.”
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The post-Newtonian approximation

e~W/c) ~(Gmlrc®) ~(plpc?)

8 =Ny + eh'yy + °h%

uv T ...

G, =38xal, (G=c=1)

TW =pu,u, + p(uu u, + gW)




The problem of motion & radiation

" Geodesic motion

" 1916 - Einstein - gravitational radiation (wrong by factor 2)

" 1916 - Droste & De Sitter - n-body equations of motion

" 1918 - Lense & Thirring - motion in field of spinning body

™ 1937-38 - center-of-mass acceleration (Levi-Civita/Eddington-Clark)

® 1938 - EIH paper

" 1960s - Fock & Chandrasekhar - PN approximation

" 1967 - the Nordtvedt effect

® 1974 - numerical relativity - BH head-on collision

® 1974 - discovery of PSR 1913+16

" 1976 - Ehlers et al - critique of foundations of EOM

® 1976 - PN corrections to gravitational waves (EWW)

® 1979 - measurement of damping of binary pulsar orbit

" 1990s to now - EOM and gravitational waves fo HIGH PN order
®driven by requirements for GW detectors

"(v/c)'? beyond Newtonian gravity L~
"interface with numerical relativity -~ \
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DIRE: Direct integration of the relaxed Einstein equations

Einstein's Equations Field point (t,x)

G,,w = 8.7rTW
"Relaxed"” Einstein's Equations
A
J.h* =0

Ar"Y =-16a(-2)(T"" + ")

uv / /

S R A g e L

( : ’ )d3xl i
lx—x'| »

hW=4Lj
" Matter source @

VVTMV = O, or 0')VT'[W =0 sRAY




PN equations of motion for compact binaries

a=-—x+IPN+1PNy, + 1PN + 2PN +2.5PN
r
+ 3PN B FS

B = Blanchet, Damour, Iyer et al
+ 3.5PN W B F = Futamase, Itoh

S = Schadfer, Jaranowski

W = WUGRAV

+35PN, W
+ 3.5PN

WUGRAYV contributions by graduate students Mike Pati,
Tom Mitchell, Han Wang, Jing Zeng




Gravitational energy flux for compact binaries

E = Equad + 1PN  Wagoner & CW 76
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The Binary Pulsar: Is strong gravity “effaced"?

Discovery: 1974
Pulse period: 59 ms (16cps)
Orbit period: 8 hours

Parameter Value
Keplerian
Pulse Period (ms) 59.029997929613(7)
Orbit Period (days) 0.322997448930(4)
Eccentricity 0.6171338(4)
Post-Keplerian
Periastron Shift (dw/dt °/yr) 4.226595(5)
Pulsar Clock Shifts (ms) 4.2919(8) - I
Orbit Decay (dP,/dt 10-12) -2.4184(9) S




MASS OF COMPANION (solar masses)

PSR 1913+16: Concordance with GR
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MASS OF PULSAR (solar masses)

m, = 1.4411(7) M, m, = 1.3874(7) M,

sun
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Decay of the orbit of PSR 1913+16
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Mass B (Mg,,)
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Numerical Relativity meets PN Theory (NRm3PN)




Radiation of momentum and the recoil of
massive black holes

General Relativity

® Interference between quadrupole and higher moments
Peres (62), Bonnor & Rotenberg (61), Papapetrou (61), Thorne (80)
" "Newtonian effect” for binaries

Fitchett (83), Fitchett & Detweiler (84) \
" 1PN correction term ®
Wiseman (92)

Astrophysics ‘\

®"MBH formation by mergers is affected if BH ejected from early
galaxies

"Ejection from dwarf galaxies or globular clusters

“Displacement from center could affect galactic core

Merritt, Milosavljevic, Favata, Hughes & Holz (04)
Favata, Hughes & Holz (04)




How black holes get their kicks

Favata, et al

Getting a kick out of numerical relativity

Centrella, et al

Total recoil: the maximum kick....

Gonzalez et al

A swift kick in the
as trophysical compact object

Boot, Foot, et al

Recoiling from numerical relativists

Curly, Larry & Moe



Radiation of momentum to 2PN order

Blanchet, Qusailah & CW (2005)

" Calculate relevant multipole moments to 2PN order
quadrupole, octupole, current quadrupole, etc

"Calculate momentum flux for quasi-circular orbit [x=(mw)?/3%(v/c)?]
recoil = -flux

dt 105 m

dP 464 om 2x11,2[1+(_452 1139n)x 309 s

- e
S8Ti 922 58

+
22068 T 2088 | 68904

“Integrate up to ISCO (6bm) for adiabatic inspiral
®Match quasicircular orbit at ISCO to plunge orbit in Schwarzschild
“Integrate with respect to "proper " to horizon (x -> 0)

+(_71345 36761 147101 z)lei
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Recoil velocity as a function of mass ratio

X =0.38

V. =250 + 50km/s

max

3()()_ T T T T I T T T T I T T T T ] T T T T I T T T
— —— Newtonian ]
250 |~~~ 1PN -
..... 15 PN :
) m— 2PN
& Gl [ 2 PN, up to ISCO ]
X ]
s 1 ) m,m,
g 15()_— 7 T] |5 2
2 (m, + m,)
> i
.—2:) IOO_— X
' = >
50 1+ X)

0.1I — I0.15I — I().2I — I0.‘.25
Reduced mass parameter 1

Blanchet, Qusailah & CW (2005)



Maximum recoil velocity: Range of Estimates

Favata, Hughes & Holtz (2004)
Campanelli (Lazarus) (2005)
Blanchet, Qusailah & CW (2005)
Damour & Gopakumar (2006)

Baker et al (2006)
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Getting a kick from numerical relativity
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The end-game of gravitational radiation reaction

"Evolution leaves quasicircular orbit
®describable by PN approximation
"Numerical models start with quasi-equilibrium (QE) states
"helical Killing vector d/dt + €2J/d¢
"stationary in rotating frame
"arbitrary rotation states (corotation, irrotational)
"How well do PN and QE agree for E(Q), J(2)?
""unreasonably” well, but some systematic differences exist
"Develop a PN diagnostic for numerical relativity
"elucidate physical content of numerical models
""steer” numerical models foward more realistic physics

T. Mora & CMW, PRD 66, 101501 (2002) (gr-qc/0208089) = \ I

T. Mora & CMW, PRD 69, 104021 (2004) (gr-qc/0312082) | UG .

E. Berti, S. Iyer & CMW, PRD 74, 061503 (2006) (gr-qc/0607047) _ s
E. Berti, S. Iyer & CMW (arXiv 0709.2589)



The PN-NR Interface - NR initial data

PN
= Evolution leaves quasicircular orbit
= Calculate E(Q2), J(RQ)

NR
= Solve initial value equations of GR
= Calculate E(R), J(RQ)

"How well do PN and NR agree for E(Q2), J(RQ)?

"*unreasonably” well, but some systematic differences exist
"Develop a PN diagnostic for numerical relativity

"elucidate physical content of numerical models

""steer” numerical models foward more realistic physics

T. Mora & CMW, PRD 66, 101501 (2002) (gr-qc/0208089) ‘ I

T. Mora & CMW, PRD 69, 104021 (2004) (gr-qc/0312082) |

E. Berti, S. Iyer & CMW, PRD 74, 061503 (2006) (gr-qc/0607047) == =
E. Berti, S. Iyer & CMW (arXiv 0709.2589)



Ingredients of a PN Diagnostic

" Binding energy E & angular momentum J vs Q

® Point-mass contributions to 3PN order

E ~ EN{1+ ? + (%)2 + (T)B} J ~ JN{l + ? + (%)2 + (7)3}
"Finite-size effects

-Rotational kinetic energy (2PN) Eg, = mR’w” ~ E\q"(m/r)’

‘Rotational flattening (5PN) Ep,, =dlw’ ~o'R’ ~E\q (m/r)’

-Tidal deformations (5PN) Epy =('m)° /R = E\q’(m/r)’

-Spin-orbit (3PN) E,=~LS/r’=E.,g (m/r)

-Spin-spin (5PN) E,=~SS,/r’ =E.q (m/ry




“"Eccentric” orbits in relativistic systems

Define "measurable” eccentricity and semilatus rectum:

Plusses:

® Exact in Newtonian limit

" Constants of the motion in absence of radiation reaction
® Connection to "measurable” quantities (2 at infinity)

O “Easy" to extract from numerical data

® e -> 0 naturally under radiation reaction
Minuses

® Non-local
® Gauge invariant only through 1PN order




3PN Energy and Angular Momentum of “"Eccentric” orbits
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How well does the PN expansion converge?

Equal Mass vs. Extreme Mass Ratio
Contributions relative to Newtonian orbit energy
l | | |

T T T T 11707

10" E
-2 ”~

107 E -7 -
// .

C P u

b // —
-7 — IPN I

[ ¢ — 2PN Equal Mass | |
10> - — 3PN Equal Mass | _
- —~— 2PN, 1 =0 -

N - = 3PN,n=0 ]




Tidal and rotational effects

®Use Newtonian theory; add to 3PN & Spin results
"standard textbook machinery (eg Kopal 1959, 1978)
"multipole expansion -- keep |1=2 & 3
®direct contributions to E and J
"indirect contributions via orbit perturbations

“Dependence on 4 parameters

a=1/MR’
g=R/M
k,,k, : apsidal constants
O , point mass
k, = 3 5
, homogeneous
4(1-1)
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Corotating Black Holes - Meudon Data

Energy of Corotating Black Holes - Numerical vs PN

Simulations by Meudon Group
0.0 T T T T T T T

Angular Momentum of Corotating BH - Numerical vs PN
Simulations by Meudon Group
0.98 T T T T T T T

+ HKV Corot (Grandclement er al.)
—— 3PN EOB Pade (Damour er al.)
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3PN (e=0.03) (TM & CW)
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—— 3PN EOB Pade (Damour etal.) | —|
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Corotating and Non-Spinning Binary Black Holes

Caudill et al

-0.005 —————

Non-spinning data
PN Diagnostic e=0
PN Diagnostic e=0.025 1
Corotating data

PN Diagnostic e=0

PN Diagnostic e=0.025
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Energy of Corotating Neutron Stars - Numerical vs. PN

-0.008

-0.011

T T I T T T T | T T

+  Numerical Simulation
e=0k,=0k, =0

e=0,k,=3/4,k, =38
e=0,k,=0.260, k, = 0.106
— — e=0.02,k,=0.260, k, = 0.108

Simulations by Miller, Suen & WUGRAV
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Energy of irrotational neutron stars - PN vs Meudon/Tokyo
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Diagnostic by Berti, Iyer & CMW (2007)




Inferred eccentricities: irrotational neutron stars
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eccentricity or error
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NRm3PN
Comparing High-order PN with Numerical Waveforms
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NRm3PN
Comparing High-order PN with Numerical Waveforms
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Reasonable vs. Unreasonable

Computing the merger of black-hole binaries: the IBBH problem

Patrick R. Brady, Jolien D. E. Creighton, and Kip S. Thorne
Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
(22 April 1998)

Gravitational radiation arising from the inspiral and merger of binary black holes (BBH's) is a
promising candidate for detection by kilometer-scale interferometric gravitational wave observato-
ries. This paper discusses a serious obstacle to searches for such radiation and to the interpretation

its last ~ 10 orbits of inspiral (~ 100 radians of gravitational-wave phase). A new set of numerical-

relativity techniques is proposed for solving this “Intermediate Binary Black Hole” (IBBH) problem:

‘ (i) numerical evolutions performed in coordinates co-rotating with the BBH, in which the metric

O 00 1 5 coefficients evolve on the long timescale of inspiral, and (ii) techniques for mathematically freezing
.

2 of any observed waves: the inability of current computational techniques to evolve a BBH through
0.00

out gravitational degrees of freedom that are not excited by the waves.
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NRm3PN
Current Issues

= How to stitch together PN and NR waveforms

= How much S/N is lost in various stitching schemes?

= What happened to the plunge?

= Can PN waveforms teach us about ringdown waves?

= How much of the kick is PN, how much is ringdown
braking?

= How does spin change the picture?
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